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Abstract 
Sulfide scale is precipitating at 2770 m depth and ~330°C in well RN-17B from unboiled, seawater-dominated 
hydrothermal fluids. The scale consists of well-crystallized pyrrhotite with minor sphalerite, and traces of galena, 
pyrite, and chalcopyrite. Gold concentrations in the bulk sulfides reach 40 ppm, and Ag concentrations reach 20 ppm. 
In another well, with similar fluid composition, sulfides scale formed due to boiling at 670 to 140 m depth (267°C – 
260°C), and contains abundant skeletal sphalerite, minor chalcopyrite, trace of bornite, pyrrhotite, pyrite, and gold. 
Bulk concentrations of Au in this scale reach 100 ppm, and Ag concentrations range from 35 to 450 ppm. 
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1. Introduction 
Sulfide deposition associated with extensive hydrothermal activity on the mid-ocean ridges is 
dominated by the formation of chimneys, so-called “black smokers” where hydrothermal fluids at 407-
350°C are discharged on the seafloor. High-temperature deposition of sulfide minerals in chimneys is 
dominated by chalcopyrite and pyrrhotite in the core of the chimney, and sphalerite and pyrite/marcasite 
in the cooler outer zones. However, there is little information about the deposition of sulfides below the 
seafloor in high-temperature upflow zones feeding the chimneys. In southwest Iceland, drilling in the 
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active Reykjanes geothermal system has provided access to both the deep seawater-dominated fluids and 
subsurface deposits of sulfides in an analogous feeder system.  
The Reykjanes geothermal system has been drilled to depth of up to 3000 m to harness the geothermal 
fluids to produce electricity. The geothermal fluids are heated seawater with reservoir temperatures 
between ~270 – 340°C. As fluids discharge from geothermal wells, the decrease in pressure causes 
boiling; the resulting vapor loss and cooling cause precipitation of sulfides, mainly downstream of the 
wellhead as scales in surface pipes. This paper describes preliminary results of the study of scales that 
formed downhole at 2770 m depth in well RN-17B during a period when the well was shut-in for three 
weeks.  We also examine sulfides that precipitated from 670 – 140 m depth in well RN-22 during a 2-year 
period of production from 2007 to 2009. 
2. Reykjanes geothermal system 
Iceland is the largest subaerial portion of a worldwide mid-oceanic ridge system.  The Reykjanes 
Peninsula is a direct extension of the submarine portion of the Reykjanes Ridge (part of the Mid-Atlantic 
Ridge system; Fig. 1). The Reykjanes geothermal system is the expression of hydrothermal activity 
associated with the ridge where it comes onshore. Its volcanic and tectonic setting is analogous to that of 
black smoker hydrothermal systems on the seafloor [2].  
The high-temperature hydrothermal fluids in the Reykjanes field originate from the reaction of 
seawater with the surrounding basaltic rocks consisting mainly by hyaloclastite, volcanic breccias and 
tuffaceous units to a depth of 1000 m [3]. At greater depths the stratigraphy consists of variably altered 
basalt flows and dikes that become more common with increasing depth [4]. The reservoir liquid has 
major element concentrations similar to those measured in black smoker fluids discharged at the seafloor 
on the mid-ocean ridges.  However, the reservoir liquid, sampled prior to boiling, is notably enriched in 
metals compared to black smoker fluids from 21°N on the East Pacific Rise, including Cu (~10x), Au 
(~30x), Ag (10x), and Pb (~5x) [5]. 
Fig. 1. Location of the Reykjanes geothermal area, SW Iceland (modified from [1]). 
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3. Results
Sulfide scales, consisting of dark grey material (~15 g) were recovered from a sample holder that was 
lowered to 2770 m depth in RN-17B, where it remained for 3 weeks before being recovered.  The device 
held an experiment containing SiO2 glass that dissolved and formed part of the scales (R. Seward, pers. 
commun., 2012; Table 1). However, the scale consists mainly of sulfide aggregates, comprising well-
crystallized pyrrhotite blades, sphalerite/wurtzite crystals, and skeletal galena (pyrrhotite> sphalerite> 
galena> pyrite> chalcopyrite). The bulk composition of the scales is dominated by SiO2, Fe, S, Zn, and 
Ca (most likely from anhydrite). Free grains of gold (< 3 µm) were found within and between the sulfide 
crystals. The sphalerite is generally Fe-rich (~10-18 wt% Fe, with 1-2 wt% Cd; Table 2). The gold grains 
have Au/Ag ratios of between 2 and 10.  
Precipitates from another well, RN-22, were recovered from ~670 m to 140 m depth when the well 
was cleaned. Drill cuttings recovered during the well cleaning consist of scales containing mainly skeletal 
Table 1. Major and trace element concentrations in scales from wells RN-17B and RN-22 [6] in Reykjanes geothermal system 
Well No RN-17 Downhole  RN-22 RN-9 Well No RN-17 Downhole  RN-22 RN-9 
Depth (m) 2700 669 141 surface  Depth (m) 2700 669 141 surface  
pressure 
temperature
~170 bar 
330°C 
~52 bar 
267°C 
~46 bar 
260°C  
~40 bar 
252°C 
pressure 
temperature
~170 bar 
330°C 
~52 bar 
267°C 
~46 bar 
260°C  
~40 bar 
252°C 
Zn (%) 3.14 44.8 44.4 20.7 MnO (%) 0.548 0.05 0.08 0.1 
Fe (%) 28.7 7.0 7.0 20.7 MgO (%) 8.39 1.2 1.8 1.1 
Cu (%) 0.077 3.5 3.8 19.7       
Pb (%) >0. 5 0.003 0.014 0.6 Ag (ppm) 19 35 445 164
S (%) 10.5 28.6 25.0 24.9 Au (ppm) 40.9 89 103 147 
SiO2 (%) 26.6 < 0.02 < 0.02 4.8 Se (ppm) 22 1600 910 282
Al2O3 (%) 2.26 0.9 1.6 0.6 As (ppm) 51.1 < 0.5 < 0.5 <1 
CaO (%) 3.3 0.13 0.35 0.1 Sb (ppm) 1.2 < 0.1 < 0.1 <0.2 
Na2O (%) 0.64 0.38 0.43 0.1 Cd (ppm) 699 > 5000 > 5000 236 
K2O (%) 0.16 < 0.12 < 0.12 <0.01 Co (ppm) 210 226 161 5 
Table 2. Representative electron microprobe analyses (wt%) of sphalerite from in scales from wells RN-17B and RN-22  
Well No   S        Zn      Fe    Cd   Ag     As      Sb     Co      Se       Ni      Mn      Bi      Total  
RN-17 33.23 53.93 10.58 2.03 0.05 <dl 0.00 0.08 0.02 <dl 0.06 <dl 99.98 
RN-17 33.52 46.65 17.73 1.06 <dl <dl <dl <dl 0.04 0.02 0.13 <dl 99.15 
RN-22_150 m 31.9 63.36 2.16 1.08 0.04 0.01 0.03 0.03 0.11 0.02 0.03 0.12 98.98 
RN-22_669 m 31.43 63.42 1.84 1.98 0.06 0.01 0.02 0.03 0.14 0.02 0.02 0.09 99.20 
sphalerite and wurtzite (below 210 m depth). Chalcopyrite is the second most abundant mineral followed 
by a trace of a non-stoichiometric Cu-Fe-S solid solution (55 and 57 wt% Cu and up to 14.6 wt% Fe), 
similar in appearance to bornite. The Cu-Fe-S phase is rich in Ag (0.5 – 1.5 wt.%), and in some samples 
small silver grains appear to have exsolved from it (similar to that observed in surface pipelines [6]  [7]). 
Other minerals identified were pyrrhotite, colloform goethite and hematite, and pyrite and gold (both as 
inclusions in chalcopyrite). The abundance of wurtzite and chalcopyrite increases downhole, and the grain 
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sizes also increase with depth. However, the wurtzite and sphalerite have a lower Fe content (1-4.7 wt%) 
and higher Cd (~0.5-4.7 wt%) than in well RN-17B. The Au concentrations in the scales are ~80 ppm 
from 670 to 160 m depth, but reach ~100 ppm in the scale at 140 m depth; Ag increases in concentration 
from 35 ppm at 670 m depth to 450 ppm at 140 m depth.
4. Conclusions  
The abundance of pyrrhotite and Fe-rich sphalerite at depth in RN-17B, as well as the higher Au and 
Ag concentrations of the scales formed during boiling in RN-22, are consistent with the higher 
temperatures in RN-17.  The bulk mineralogy and composition of the sulfides in the higher temperature 
scales are similar to those of black smoker chimneys, but the unexpected abundance of metals (including 
Au and Ag) at 2770 m depth indicates that the fluids are saturated through the entire vertical extent of the 
upflow zone. Chalcopyrite is the main mineral in the surface pipelines, forming scales from the wellhead 
to the orifice plate (252°C ) in well RN-9 [6], with massive bornite formed downstream of the orifice 
plate on a fluid flow control valve [7].  
The metal contents of the unboiled fluids, especially the trace metals, are at least an order of 
magnitude higher than the concentrations in MOR black smokers at the same temperature.  Thus, black 
smoker fluids at the seafloor are probably significantly depleted in metals compared to the source fluids 
and probably have lost metal to sub-seafloor deposition during cooling prior to discharge, as in RN-22.  
The scales found at depth in RN-17B represent the metal that never reaches the seafloor at black smoker 
vents. The deep fluids are saturated with respect to many metallic sulfide minerals and gold; the hot 
seawater likely deposits metals throughout the system during cooling, even where the fluids are not 
boiling. 
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